Febrile seizures (FS) are convulsions associated with high body temperature. It has a high incidence in children from the age of 6 months to 5 years and may have adverse consequences in adulthood. The experimental model of FS could be induced in animals via hyperthermia. The present study was designed to investigate persistent electroencephalographic (EEG), neurochemical and behavioral alterations in adult animals that had experienced complex FS at their immature age. EEG signals were obtained from the cortex of both FS and control normothermic groups of animals. A spectrophotometric assay was carried out to determine oxidative stress parameters (malondialdehyde, nitric oxide, reduced glutathione) and acetylcholinesterase activity in the cortex and hippocampus of FS and control animals. Behavioral assessment of seizure threshold and severity were investigated via a sub-convulsive dose of nicotine in adult animals. Alterations in the oxidant/antioxidant system and AChE activity were obtained in the cortex and hippocampus of FS animals in comparison to control animals. EEG spectral analysis displayed significant changes in all EEG frequency bands. A decrease in seizure latency and an increase in seizure severity were also observed. The present study provides evidence for long-lasting abnormalities in the cortex and hippocampus of adult animals subjected to complex FS at their developmental age, which may be correlated to the underlying mechanism of epileptogenesis and its related co-morbidities.
Introduction
Febrile seizures (FS) are widely known as a cause of seizures in infants less than five years old. Most of these young-aged FS-suffering children have normal development afterward. However, there is accumulating evidence suggesting that a small group of children who suffered from FS may be subject to recurrent seizures or develop epilepsy later in life [1, 2] . Two categories of febrile seizures have been identified; simple FS which last < 5 min and are mostly benign and complex FS which have a focal onset and occur repeatedly during the illness or last > 15 min. Prolonged (complex) FS may have long-term consequences [3] .
Several investigators employed a hyperthermic animal model of febrile status epilepticus (SE) in which hippocampal development was practically equivalent to that of human infants [4] [5] [6] [7] . The model depends on exposure of young-aged animals to a current of hot air, which elevates body and brain temperature and eventually provokes a seizure. It was found that a subset of FS rats developed epilepsy later in life [8] . This indicates that FS may cause epilepsy and suggests that the epileptogenic processes are initiated by the febrile seizure itself [9, 10] .
The experimental model succeeded in disclosing numerous consequences of FS, which correlated to epilepsy and cognitive issues. It also provided a tool for the study of epileptogenesis mechanisms and possible post-FS interventions that may prevent temporal lobe epilepsy (TLE) development [10] .
Oxidative stress (OS) is one of the proposed mechanisms for epileptogenesis that was extensively studied [11] . The role of OS in epilepsy has been the focus of several experimental models of epilepsy such as pentylenetetrazole model [12] , pilocarpine model [13] and kainic acid model [14] . These studies have pointed out that there is a close relation between prolonged seizures in experimental animals, reactive oxygen species (ROS) production and the contribution of oxidative injury to seizure-induced brain damage. The brain, in particular, is susceptible to oxidative stress due to the high amount of oxygen it utilizes. It also has a high amount of polyunsaturated fatty acids which are vulnerable to lipid peroxidation. Additionally, it is rich in iron that can catalyze hydroxyl radicals [15] .
Understanding the mechanisms underlying the epileptogenic process and finding a marker for this process are of paramount importance to the development of antiepileptic drugs. EEG proves to be an efficient tool that helps in the screening of patients subjected to the risk of developing TLE [16] . EEG has the advantages of being a noninvasive biomarker, quantifiable, sensitive and amenable to repetition. The most observable feature found in EEGs recorded after febrile SE is focal slowing [17] . However, mechanisms underlying focal slowing in EEG after FS are still not fully understood and a quantitative analysis of EEG signals after complex FS in animal models could be important to reveal such mechanisms.
Although accumulating evidence indicates the contribution of oxidative stress to the process of epileptogenesis, scarce literature (mainly on human) has addressed this topic in FS and, up to our knowledge, no controlled study of FS has focused on oxidative stress and related changes in EEG in animal models. Therefore, the present investigation aimed to investigate the long-lasting changes in some oxidative stress parameters and acetylcholinesterase (AChE) in both cortical and hippocampal brain areas of adult animals exposed to hyperthermic complex FS at their young age. Seizure susceptibility and severity were also tested via challenging adult animals with a sub-convulsive dose of nicotine.
Materials and methods

Experimental animals
The present study used Wistar male albino rats (Rattus norvegicus) weighing 35-45 g (21 days old) as experimental animals. The animals were purchased from the National Research Center (NRC, Giza, Egypt). They were grouped and housed in polyacrylic cages in a well-ventilated animal house. The animals were provided with food and water ad libitum and maintained at a temperature of 22-25°C and a normal light-dark cycle. The animals were adapted to the laboratory conditions for seven days before starting the experiment. All experiments followed the recommendations of the National Institutes of Health Guide for Care and Use of Laboratory Animals (Publication No. 85-23, revised 1985) and were executed according to the research protocols established by the animal care committee of the National Research Center (Cairo, Egypt).
Model of febrile seizures
In immature animals (P 21), prolonged complex seizures were induced by hyperthermia. Hot and dry air (45-50°C) was streamed by a standard adjustable hair dryer fitted on the top of the box housing the animal at 50 cm height. Each animal remained in the hyperthermic box until a generalized convulsion occurred. The gradual increase in body temperature saved the animals from heat shock that may cause their mortality. Control animals were subjected to the same procedures except that the hot air was substituted by normal temperature air.
Seizure description and threshold temperature
The average initial core body temperature was 36.4 ± 0.5°C. During hyperthermia, the core body temperature was determined every 2 min (by a rectal thermocouple probe, WPI Inst. USA). There was a gradual increase in the core temperature from the initial temperature till it reached an average of 41 ± 0.1°C. At this average core body temperature, animals started their behavioral demonstration of seizures. The first symptom displayed by all animals was hind limb extension, followed by facial automatism (chewing and biting). Falling and generalized clonic convulsions were considered the main typical symptoms for the complex febrile seizure in animals. The average latency for generalized convulsions was 10.8 ± 0.6 min. The rate of change of core body temperature was not constant, started with slow rate (0.2 ± 0.01°C/min) and ended with fast rate (0.8 ± 0.02°C/ min). The average duration of the seizure was 20.3 ± 0.6 min. During this duration, the core body temperature was maintained at the threshold temperature (41°C) by adjusting the hot air stream according to the core body temperature measurement. When needed, animals were transferred to a cool surface to avoid core body temperatures that exceed the seizure's threshold temperature.
Experimental design
After the establishment of FS model in immature animals, they were left for three months to develop into adults. Then, they were divided into three groups each group consisted of 10 hyperthermic and 10 normothermic experimental animals. The first group (GI) was sacrificed, the brain was removed and the cortex and hippocampus were dissected out for the determination of oxidative stress parameters. The samples of the brain tissues were stored in a deep freezer (− 80°C) until analysis. The second group (GII) was implanted with epidural electrodes for EEG recordings. The electrode implantation surgery was done one week before the end of the three-month period to allow animal recovery. The third group (GIII) was subjected to a seizure threshold behavioral experiment via a sub-convulsive dose of nicotine (1 mg/kg). Electrophysiological and behavioral experiments were done within the same period of the day (9 a.m.-3 p.m). The experiments were designed and the time was adjusted to start experimental investigations in the different groups after 3 months from FS. However, three consecutive days were required to conduct experiments on all animals in groups.
Neurochemical analysis
The cortex and hippocampus of each animal in GI were homogenized in cold potassium phosphate buffer (50 mM, pH 7.5), then the homogenates were centrifuged at 15,777g at 4°C in a high-speed cooling centrifuge (Type 3k-30, Sigma, Germany) for 15 min. The clear supernatant was used for the assay. Chemicals used for the measurement of oxidative stress parameters were of the analytical grade and were supplied by Sigma-Aldrich (St. Louis, MO, USA).
Measurement of lipid peroxidation
Lipid peroxidation was assayed by measurement of the thiobarbituric-acid-reactive substances, the most important of which was malondialdehyde (MDA), using the method of Ruiz-Larrea et al. [18] . One molecule of MDA reacts with two molecules of thiobarbituric acid in acidic medium at a temperature of 95°C for 20 min to form a red colored complex; the absorbance of which is measured at 532 nm in a Helios Alpha Thermospectronic (UVA 111615, England) spectrophotometer.
Reagent 1 (R 1 ) was prepared by dissolving 0.8 g of thiobarbituric acid in 100 ml 10% perchloric acid. Reagent 2 (R 2 ) is 20% trichloroacetic acid. The working reagent was prepared by mixing 1 volume of R 1 with 3 volumes of R 2 . The procedure was carried out by transferring 4.5 ml of working reagent to a centrifuge tube containing 0.5 ml of the sample. The mixture was incubated for 20 min in a boiling water bath then left to cool at room temperature before centrifugation at 3000 rpm for 5 min at 0°C. The pink color was measured at a wavelength of 532 nm, against the blank solution which was prepared by the addition of 0.5 ml of distilled water to 4.5 ml of the working reagent.
Measurement of reduced glutathione levels
Reduced glutathione (GSH) was determined according to Ellman's method [19] . The Ellman's reagent is reduced by -SH groups of GSH to form 2-nitro-s-mercaptobenzoic acid, an anion that has an intense yellow color which can be measured by the UV-Vis spectrophotometer at 412 nm. The GSH concentration is directly proportional to reduced chromogen.
The procedure was carried out by transferring 0.5 ml of trichloroacetic acid (500 mmol/l) to a centrifuge tube containing 0.5 ml of tissue homogenate or standard (0.96 mmol/l glutathione) and mixed well. After 5 min, the supernatant was separated by centrifugation at 3000 r.p.m. for 15 min then 0.5 ml of the clear supernatant were transferred into a dry test tube and 1 ml of phosphate buffer (100 mmol/l) was added followed by 0.1 ml of 1 mmol 5,5′dithiobis (2-nitrobenzoic acid). After incubation for 10 min, the absorbance of the sample or standard was measured at 412 nm against the blank which contained 0.25 ml of distilled water, 0.25 ml of trichloroacetic acid, 1 ml of phosphate buffer and 0.1 ml of 5,5′dithiobis (2-nitrobenzoic acid).
Measurement of nitric oxide levels
According to the method of Moshage et al. [20] , nitric oxide (NO) level, measured as nitrite, was determined using Griess reagent. Nitrite is used as an indicator for the production of nitric oxide. The formed nitrous acid diazotize sulphanilamide and the product (in acid medium and in the presence of nitrite) is coupled with N-(1-naphthyl)-ethylenediamine. The deep purple azo compound after the addition of Griess reagents is read at 540 nm in the spectrophotometer.
The procedure was carried out by transferring 500 μl of 1% sulphanilamide to a tube containing 500 μl of tissue homogenate or standard sodium nitrite, mixed and incubated for 10 min in a dark place at room temperature, then 500 μl of 0.1% N-(1-naphthyl)-ethylenediamine dihydrochloride were added and mixed well. After incubation for 10 min in a dark place at room temperature, the absorbance of the sample and standard (50 μmol/l sodium nitrite) was measured at 540 nm against distilled water.
Measurement of acetylcholinesterase activity
According to the modification of the method of Ellman et al. [21] as described by Gorun et al. [22] , procedures were carried out to determine acetylcholinesterase (AChE) activity. Thiocholine produced as acetylthiocholine is hydrolyzed. The color was measured immediately at 412 nm. The increase of yellow color produced from thiocholine when it reacts with dithiobisnitrobenzoate ion (DTNB) was the indicator of the enzyme activity.
The following reagents were pipetted into a test tube: 140 μl of 20 mM phosphate buffer (pH 7.6), 50 μl of 5 mM acetylthiocholine iodide and 10 μl of tissue homogenate. After 10 min of incubation at 38°C, the reaction was stopped with 1.8 ml of DTNB-phosphate ethanol reagent. DTNB-phosphate ethanol reagent was prepared by dissolving 12.4 mg of 5,5′dithiobis (2-nitrobenzoic acid) (DTNB) in 120 ml absolute ethanol, 80 ml distilled water and 50 ml 0.1 mM phosphate buffer (pH 7.6). The color was read immediately at 412 nm. The blank was made by omitting the tissue homogenate from the incubation mixture. After addition of the color reagent, the appropriate amount of tissue homogenate was added to the blank. 2.5 mM glutathione was used as a standard. The activity of acetylcholinesterase was determined as μmoles SH/min. from a standard curve.
Electroencephalographic measurements
Adult animals in GII were anesthetized by sodium pentobarbital (40 mg/kg, i.p., Sigma-Aldrich, St. Louis, MO, USA) and positioned in the stereotaxic device (David Kopf inst., Tujunga, California, USA) for electrode implantation procedures as previously described [23] . Stainless steel screw electrodes were implanted in the cortical coordinates close to the hippocampus. Two cortical electrodes were implanted at 2.7 mm lateral to the midline, and 3.5 mm posterior to the bregma in both hemispheres. A third electrode was implanted above the cerebellum 2 mm posterior to the lambda to act as a reference electrode [24] . Electrodes and connectors were fixed at their place by the aid of dental cement. The animals were left for seven days to recover from the surgery. At the day of EEG signal recording, rats were transferred to a sound attenuated and electrically shielded cage (25 × 25 × 30 cm 3 ). They were left 30 min for acclimatization. Visual and software analysis (Biobench, USA) of time domain EEG have been done for each animal (1 h has been recorded due to practical limitations) searching for spontaneous recurrent seizures (SRS) in adult animals. EEG signals were transformed to the frequency domain via FFT that were averaged in single power spectrum and the obtained averaged power spectrum was divided into five frequency bands; delta (0.1-4 Hz); theta (4.1-8 Hz); alpha (8.1-13 Hz); beta-1 (13.1-18 Hz) and beta-2 (18.1-30 Hz). The relative power of each frequency band was calculated with respect to the total power (0.1-30 Hz) of the bands.
Behavioral observations
A sub-convulsive dose of nicotine (1 mg/kg) was given subcutaneously to both hyper-and normothermic animals in GIII. A number of animals showed behavioral seizures and the latency for seizure beginning was recorded. Thirty minutes of behavioral observation were given for each animal and for those animals which suffered from seizures a grading scale (0 to 5) was set to display seizure severity according to Racin [25] . The scale was set as follows: 5 (rearing, falling and generalized convulsions), 4 (bilateral forelimb clonus and rearing), 3 (unilateral forelimb clonus/bilateral forelimb clonus), 2 (head nodding), 1(automatisms), and 0 (immobility).
Statistical analysis
All variables were tested for normal distribution and compared using the independent t-test. All analyses were performed using the SPSS software (version 20) and the significance was set at P < 0.05.
Results
Neurochemical data
Oxidative stress markers and AChE activity were measured in adult animals' cortex and hippocampus which were subjected to complex febrile seizure (> 15 min) at their immature age. As shown in Table 1 , the comparison between oxidative stress parameters in the cortex of control (normothermic) and treated (hyperthermic) groups of animals revealed significant differences in all the tested parameters except MDA. GSH was significantly increased by 11.6% while NO was significantly decreased by 52.7% with respect to control.
In the hippocampus (Table 1) , all the measured oxidative stress parameters recorded significant differences between treated and control groups of animals. A significant increase was obtained in MDA and GSH levels in adult animals subjected to hyperthermia during immaturity, recording 56.5% and 76.6% above the control levels, respectively. However, NO levels decreased significantly by 34% with respect to control animals. Table 1 The effect of exposure of young (immature) rats to hyperthermia on malondialdehyde (nmol/g), nitric oxide (μmol/g) and reduced glutathione (nmol/g) in the cortex and hippocampus of adult animals. Table 2 shows that both cortical and hippocampal AChE activities were significantly increased by 23.4% and 109.3%, respectively, in animals exposed to hyperthermia during immaturity with respect to control rats.
Electrophysiological measurements
Spectral power analysis of the EEG signals revealed a significant difference in all EEG bands of adult animals subjected to hyperthermia during immaturity with respect to control animals (Table 3) . Delta waves increased significantly in hyperthermic animals (21.8%) in comparison to control. On the other hand, all other frequency bands (theta, alpha, beta-1 and beta-2) were significantly decreased by 26%, 43.8%, 38.1%, and 59.4%, respectively, in treated animals with respect to control. Only one animal out of 10 animals (10%) displayed electrographic seizures represented by recurrent spikes in the time domain EEG signals (Fig. 1) . However, these seizures were not accompanied by any gross behavioral symptoms of epilepsy.
Behavioral observations
Behavioral observation of control and FS animals treated with a sub-convulsive dose of nicotine revealed that while only one control animal out of 10 has shown seizure symptoms (seizure latency = 60 s, seizure severity = 2; Racin's scale), 8 FS animals out of 10 showed seizures with shorter average latency (20 ± 2 s) and higher severity (up to 5 on Racin's scale, Fig. 2 ).
Discussion
In the present study, the correlation between prolonged FS encountered at immature age and long lasting brain abnormalities has been investigated. Although the mechanism underlying the process of epileptogenesis is not fully understood, several studies documenting the long lasting consequences of FS in both animals and humans have been reported [1, [26] [27] [28] . In the hyperthermic model of febrile status epilepticus, a group of rats had spatial memory deficits when tested after months of seizures [29] . The examination of children one year after FS showed that their hippocampus was reduced in size and revealed radiologic markers for hippocampal sclerosis [30] . Chen et al. [31] reported a persistent modification of excitability of the neurons in the limbic structures both in-vitro and in-vivo in animals that had FS during their immature stage of life.
In the present study, oxidative stress (OS) markers were determined in both the cortex and hippocampus of adult rats that experienced complex seizures induced by hyperthermia during their immature age. Lipid peroxidation, determined via MDA, is an indicator of irreversible damage to the phospholipid of the plasma membrane [32] . The increase in MDA levels may indicate detrimental effects on the cellular structure. These effects may lead to neuronal cell death, which eventually causes a disturbance in excitatory/inhibitory balance. In the present study, the increase in MDA level was moderate in the cortex and significant in the hippocampus of adult FS animals with respect to control. Measuring such a significant level of one of the main OS markers in adult animals may indicate the long-lasting effects of FS on the measured brain areas in the present study. Furthermore, evidence has been provided linking between OS and mitochondrial dysfunction due to seizures [33] [34] [35] [36] . The role played by mitochondrial dysfunction in various neurodegenerative diseases is pivotal [37] . The significant increase of MDA particularly in the hippocampus rather than in the cortex in the present Table 2 The effect of exposure of young (immature) rats to hyperthermia on acetylcholinesterase activity (μmol SH/g/min) in the cortex and hippocampus of adult animals.
Control Treated Cortex 9.53 ± 0.4 11.76 ± 0.6 ⁎ Hippocampus 7.3 ± 0.5 15.26 ± 0.8
⁎
The values represent the Mean ± SEM. ⁎ Significant at P < 0.05.
Table 3
The effect of exposure of young (immature) rats to hyperthermia on the EEG relative spectral band power of adult animals.
Control Treated H.S. Mohammed et al.
BBA -Molecular Basis of Disease 1863 (2017) 2120-2125
study may provide evidence on the correlation between prolonged (complex) febrile seizures and temporal lobe epilepsy [38] . In the present findings, a significant decrease was observed in the cortical and hippocampal NO levels in adult rats subjected to FS during development. Anti-and pro-convulsant roles of NO in animal epilepsy models have been proposed [39] . NO suppression has been reported to induce a dramatic aggravation of limbic seizures [40] . On the other hand, a protective effect of NO has been claimed by Royes et al. [41] . Hrncic et al. [42] reported that a reduction of neuronal NO showed an inclination towards an increase in the number of seizures, a decrease in the latency to start seizure and an increase in the acuteness of seizures. Thus, the behavioral observations of seizure latency shortening and seizure severity elevation obtained in the present work could be attributed to the significant decrease in NO concentration in both the cortex and hippocampus of FS animals. A possible explanation for these findings is that NO has the ability to prevent the neurotoxic effects of excessive Ca 2 + influx through the modulation of the NMDA receptor activity by competitive blockade of its recognition site [43] . Thus, NO reduction may lead to neurotoxicity via Ca 2 + influx. Furthermore, it was reported that reduction of NO causes an increase in neuronal synchronization in both hippocampus and cerebral cortex that may eventually evoke epileptiform activity [44] .
In the present investigation, a significant increase in both GSH and AChE has been determined in the cortex and hippocampus of FS group of animals with respect to the normothermic group. GSH is a major antioxidant in the brain that acts directly both in scavenging ROS [45] and as peroxidases' substrate [46] . GSH is controlled both intracellularly and extracellularly to be balanced [47] . This dynamic balance is made between synthesis of GSH in one hand and its recycling and utilization on the other hand. AChE is responsible for rapid hydrolysis of acetylcholine released into the synaptic cleft. It has been reported that the increase in AChE activity is mediated by oxidative stress via the increase in Ca 2 + influx into the cells [48] . Although the increase in GSH and AChE in the present study is not fully understood, it could be explained as an adaptive mechanism of the brain to overcome oxidative stress and hyperexcitability [49] . The present biochemical alterations in the oxidant/antioxidant system in the studied brain areas could emphasize some points. First, the long-lasting biochemical changes that persist in adult animals which experienced FS at the immature stage of life may provide evidence for the involvement of OS in the process of epileptogenesis. Second, the biochemical alterations occurring in the studied areas are not all pathogenic in nature; however, some of them may be considered as compensatory mechanisms played by the brain's antioxidant system to compensate for the damaging effects. Third, the brain compensatory mechanisms should be taken into consideration to develop effective therapeutic drugs that interfere with the process of epileptogenesis and prevent epilepsy establishment.
Biochemical changes resulting from OS which lead to neuronal degeneration and neuronal network re-organization may have a reflection on the electroencephalographic activity of the brain. In epilepsy, EEG background activity becomes disordered in or near the focus of epilepsy and spectral EEG analysis can provide a useful tool that may not be obtained in time domain analysis [50] . In the present study, EEG signals were recorded in the cortical area near the hippocampus; the main structure in temporal lobe epilepsy. Spectral analysis of the EEG signals revealed a significant increase in the relative power of delta band and a significant decrease in the other EEG frequency bands. These findings are in line with the results of Dube et al. [38] , who reported EEG slowing in animals exposed to FS. In human, infants who suffered from a prolonged FS had an increase in delta band power density and a reduction in fast frequency (13-50 Hz) power density [51] . This shift in EEG signal frequencies from normal has been attributed to the occurrence of seizures in the developing brain that may delay or disrupt its maturation and affect certain neural networks in a persistent manner [52] .
The present EEG findings not only emphasize the potential role of the EEG as a biological marker for long-lasting abnormalities of FS but also have some other biological significance. A change in alertness or attention state has been documented in infants who had FS [51] . The simultaneous increase in the slow frequency delta wave and the decrease in the fast frequency beta-1 and beta-2 waves found in the present study may indicate a state of reduced arousal in FS animals with respect to control. In rats, theta waves are normally recorded in the hippocampus, but can also be picked up in other cortical and deep brain structures [53] . Furthermore, they have been linked to learning, memory and volitional movements [54] . Lesions of the hippocampal formation have been correlated to the obvious decrease of the theta frequency band and to memory impairments [55] . Furthermore, the reduction in theta wave may suggest an injury of a common circuit responsible for theta frequencies generation [56] . Thus, the significant decrease found in theta wave of FS animals in the present study may indicate a change in structure and function of the limbic network.
It has been demonstrated that AChE is important for both learning and memory [57, 58] . On the other hand, NO may play a role in modulation of behavioral activity, memory formation, and responses to painful stimuli [59] . The role of NO in learning may be due to the increase in cGMP-mediated by its activation of soluble guanylate cyclase, which has been indicated to be important in learning and memory processes [60] . These are supported by studies showing that nitric oxide synthase inhibition could reduce learning of some spatial behavior [61, 62] . Thus, the present decrease in NO levels and increase in AChE activity suggest that the exposure of adult animals to FS during the immature stage could render these animals susceptible to seizures and alter their cognitive functions. The changes in the EEG power spectra recorded from these animals together with the behavioral data support this suggestion.
In conclusion, the present findings emphasize the correlation between FS induced by hyperthermia at a young age and alterations in electrophysiological, neurochemical and behavioral aspects evident at adulthood. It also sheds more light on the role played by oxidative stress in the process of epileptogenesis and, thus, provides the rationale for the evaluation of antioxidants in young subjected to FS.
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